Abstract Epoxy networks are thermoset polymers for which an important structural length scale, molecular weight between crosslinks (M c ), influences physical and mechanical properties. In the present work, creep compliance was measured for three aliphatic epoxy networks of differing M c using both macroscale torsion and microscale depth-sensing indentation at temperatures of 25 and 55-C. Analytical relations were used to compute creep compliance (J(t)) for each approach; similar results were observed for the two techniques at 25-C, but not at 55-C. Although creep compliance measurement differed at elevated temperatures, there were clear correlations between M c , glass transition temperature, T g , and the observed time-dependent mechanical behavior via both techniques at 55-C, but these correlations could not be seen at 25-C. This work demonstrates the capacity of depth-sensing indentation to differentiate among epoxy networks of differing structural configurations via J(t) for small material volumes at elevated temperatures.
Introduction
Depth-sensing indentation is a technique used to measure mechanical properties of small volumes of materials [1, 2] . Routine indentation data analysis yields time-independent elastic modulus and hardness values. Additionally, a number of efforts have been made to measure time-dependent mechanical properties on polymeric materials using indentation with some success [3] [4] [5] [6] [7] [8] [9] . However, comparisons to measurements made at the macroscale is an important check of such microscale measurements to ensure that volumes of material not able to be tested on the macroscale, including thin coatings or composites, may be adequately characterized using indentation techniques.
Epoxy resins are used in a number of applications including coatings, adhesives, composites, and electrical insulation [10] [11] [12] [13] . The composition and network structure of these cross-linked materials can vary greatly, yielding a range of different properties. Variation of the mechanical and thermal properties of epoxy networks can be achieved by modifying the molecular weight between crosslinks, M c [14] . In the previous work of Crawford and Lesser [14] , reductions in the values of M c in a series of model aliphatic epoxies produced the expected increase in glass transition temperature, T g , as well as an increase in the critical yield stress measured above T g . In the current work, three of the aliphatic epoxy systems studied by Crawford and Lesser are used to characterize network viscoelastic behavior on the macroscale by conventional means and on the microscale using depth-sensing indentation.
Theory
To measure the creep compliance within the linear viscoelastic regime, time-dependent equations based in elasticity theory of a rectangular beam found in [15] are utilized. A shear stress, t, is applied to the samples and the resulting shear strain as a function of time, +(t), is measured. Constrained boundaries are assumed. The viscoelastic creep compliance, J(t), is defined as
Shear strain as a function of time is
and shear stress is
where 0 0 is the measured angular displacement of the bar, l is the sample length, k is the sample thickness, w is the sample width and M is the measured applied torque to the bar.
For measuring J(t) using depth-sensing indentation, a time-dependent version of Hertz_s elastic theory is considered [16] . Hertz_s original equation for elastic displacement into a surface is
where P is the load applied to the indenter, R is the spherical radius of the indenter tip, and E* is the reduced modulus of the indented material, defined as
where 3 and E are the Poisson_s ratio and elastic modulus of the indented material, respectively, and the subscript i refers to properties of the indenter. Substituting equation (5) into (4) and assuming that the material property term is much greater than the indenter property term in equation (5), elastic modulus is given by
Assuming the material is isotropic and the Poisson_s ratio is time independent, shear modulus is related to elastic modulus by
Because shear compliance is the inverse of the shear modulus for an elastic material (i.e., J = G j1 ), combining equations (6) and (7) leads to the relation
In a traditional creep compliance test, the stress is held constant with time and the strain is monitored. However, for indentation creep testing, the load, P, which is estimated to be proportional to the indentation stress, is held constant and h e , which is related to strain, is monitored with time. Restating equation (8) as a function of time,
This relation has also been classically derived using more rigorous approaches [17, 18] , and applicability to viscoelastic property measurement has been discussed [17] [18] [19] [20] [21] [22] . In general, equation (9) is only valid in the linear viscoelastic regime. Hence, only indenter geometries capable of generating the small contact strains necessary to maintain this condition, e.g., large spheres, are suitable for measurement of creep compliance to maintain linear viscoelastic deformation within the force and displacement resolution of available instrumentation.
Experimental
Depth-sensing indentation measurements were made on three model aliphatic epoxy systems, previously studied by Crawford and Lesser [14] . Each epoxy was cured with different proportions of the two aliphatic curing agents ethylenediamine and N,N 0 -dimethylethylenediamine. After mixing the amines with the epoxy resin, networks were cured between two glass plates, which were treated with a silating agent to prevent adhesion, being spaced approximately 3 mm apart. After full cure was determined via differential scanning calorimetry, the epoxies were cut with a diamond wheel dicing saw to pieces suitable for both torsion and indentation measurements. The three aliphatic epoxies considered herein exhibited M c values of 596 g/mol (M596), 818 g/mol (M818) and 1,452 g/mol (M1452) and T g values of 107, 86 and 67-C, respectively. Complete details of processing and standard characterization measurements for these materials can be found
